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ABSTRACT
Zwitterionic ring-opening polymerization (ZROP) of N-butyl N-carboxyanhydrides
(Bu-NCAs) has been investigated using 1, 8-diazabicycloundec-7-ene (DBU), a bicyclic
amidine initiator. It was found that poly (N-butyl glycine)s (PNBGs) with molecular weight
(Mn) in the 3.5-32.4 kg∙mol-1 range and polydispersity index (PDI) in the 1.02-1.12 range can
be readily obtained by systematically varying the initial monomer to initiator feed ratio. The
polymerization exhibits characteristics of a controlled polymerization, as evidenced by the
linear increase of polymer molecular weight with conversion and the successful enchainment
experiments. Kinetic studies revealed that the reaction is first-order dependent on the
monomer and the DBU concentration respectively. The rate of initiation is comparable to that
of the propagation. Random copolypeptoids of poly [(N-propargyl glycine)-r-(N-butyl
glycine)]s [P(NPgG-r-NBG)s] were also synthesized by DBU-mediated copolymerization of
Bu-NCA and N-propargyl N-carboxyanhydride (Pg-NCA). Subsequent grafting with
azido-terminated poly(ethylene glycol) (PEG) produces bottlebrush copolymers. Analysis of
bottlebrush copolymer samples using atomic force microscopy (AFM) revealed a surface
morphology of toroid-shaped nanostructures, consistent with the polypeptoid backbone
having cyclic architecture. Small-angle neutron scattering (SANS) characterization of the
bottlebrush polymer ensemble in solution also confirms the cyclic architecture of the
polypeptoid backbones.
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INTRODUCTION
Polypeptoids, also known as poly (N-substituted glycine)s, are synthetic mimics of
polypeptides. Because of the N-substitution, polypeptoids lack main chain chirality and
hydrogen bonding interaction, in contrast to polypeptides. This results in polypeptoid having
enhanced proteolytic stability relative to polypeptides,1 thermo-processability2-4 and
conformational tunability (via side chain structure).5-8 Secondary conformations of
polypeptoids including random coil,9 helices, sheet structures have all been reported.10-13 In
addition, polypeptoids have been shown to exhibit minimal cytotoxicity to several cell
lines14-16 and can degrade under oxidative conditions that mimic the tissue inflammation
environment, suggesting the potential uses for in vivo biomedical applications.17
Cyclic polymers have attracted considerable attention because of their distinctive physical
properties as compared to the linear counterparts. The unique topology imparts many
interesting properties to cyclic polymers such as lower intrinsic viscosity,18, 19 higher glass
transition and melting temperatures,4,

20, 21

faster crystallization rates,22 and wider phase

transition temperatures,21 relative to the linear counterparts. To date, several synthetic
approaches have been developed for the cyclic polymers, including interfacial
condensation,23 ring-expansion metathesis polymerization,19,

24

end-to-end polymer

cyclization,25, 26 and zwitterionic ring-opening polymerization (ZROP).27-30
ZROP method entails the formation of a zwitterionic propagating intermediate where the
two chain ends are oppositely charged and interact strongly with one another by electrostatic
interaction.31 The zwitterionic intermediate can either react with monomers (by a chain
growth mechanism) or with each other (by a step growth mechanism) to elongate the chain or
undergo intramolecular chain transfer to yield a mixture of linear and cyclic polymers (via
backbiting mechanism). Intramolecular chain transfer that occurs exclusively in an
end-to-end fashion will produce macrocyclic polymers cleanly. While the end-to-end
macrocyclization is entropically unfavored, high molecular weight cyclic polymers can be
cleanly produced by the ZROP method when the interactions between the oppositely charged
chain ends of the zwitterionic propagating intermediates overcome the entropic penalties.31 A
distinct advantage of the ZROP method is that the polymerization can be conducted in
moderate to high monomer concentration, enabling efficient access to cyclic polymers. This
3

is in contrast to the end-to-end cyclization strategy of linear polymer precursors that typically
require high dilution conditions.
ZROP has recently emerged as a promising strategy to produce high molecular weight
cyclic polymers with diverse backbone structures (e.g., polyester27, 28, 30 and polyamide).32
For example, it was recently reported that isothiourea can mediate the ZROP of lactide to
produce cyclic polylactides with relatively high cyclic polymer contents in spite of somewhat
slow polymerization rates.33 B(C6F5)3 was used as the electrophilic initiator to mediate the
ZROP of glycidyl monomers to yield cyclic polyethers.34 Several recent studies have shown
that N-heterocyclic carbenes (NHCs) can initiate and mediate the ZROPs of strained cyclic
monomers (e.g., lactides, caprolactone, and carbosiloxane) to produce high molecular weight
macrocyclic polylactides, polylactones, and polycarbosiloxanes with moderate to high
efficiency.27-30 Cyclic gradient polyesters can be obtained by NHC-mediated ZROP of
ε-caprolactone (CL) and δ-valerolactone (VL) in a one-pot reaction.35 We have recently
demonstrated that a variety of cyclic poly(N-substituted glycine) (a.k.a. polypeptoids) with
varying N-substituents can be obtained by NHC-mediated ZROP of the corresponding
R-NCA monomers.32 The reactions were shown to occur in a controlled manner, producing
cyclic polypeptoids with well-defined structure, molecular weight and narrow molecular
weight distribution.3,

5, 16, 36

This is in contrast to early studies on pyridine/tertiary

amine/solvent initiated or thermally initiated ZROPs of Me-NCA which only produce low
molecular weight cyclic poly(N-methyl glycine) (a.k.a. polysarcosin).37-40
1, 8-diazabicycloundec-7-ene (DBU), a bicyclic amidine, is widely used to catalyze
esterification of carboxylic acids41 and controlled ROPs of lactides and lactones.42-45 The
DBU is commonly considered a strong base with weak nucleophilicity. This view has
changed in recent years after DBU was found to be a competent nucleophile that can undergo
nucleophilic addition to dimethyl carbonate and chloroformate.46-49 It was recently
demonstrated that DBU can initiate the ZROP of lactide to produce a mixture of cyclic and
linear polylactide.50
While NHCs can mediate the ZROP of various cyclic substrates, they are air and moisture
sensitive. In an effort to identify and characterize alternative organic-initiators that can
outperform NHCs in mediating the ZROP of R-NCAs to produce cyclic polypeptoids in a
4

controlled manner and ideally more robust than NHCs, we investigated the DBU as a
possible initiator for the ZROP of Bu-NCA monomers. It was found that the polymerization
occurs efficiently in a controlled fashion, producing cyclic poly(N-butyl glycine)s (PNBGs)
with good molecular weight control and narrow molecular weight distribution. The
polymerization rate is slightly faster to those of previously reported NHC-mediated ZROP of
Bu-NCA. In views of the enhanced moisture/air stability and availability of DBU relative to
the NHCs, the reported polymerization method represents an attractive synthetic approach
towards cyclic polypeptoids. AFM and SANS analysis of cyclic bottlebrush polymers
consisting of polypeptoid backbone and poly(ethylene glycol) (PEG) side chains have been
conducted to verify the cyclic architecture of polypeptoids produced by the DBU-mediated
ZROP method.
RESULTS AND DISCUSSION
DBU-Mediated Polymerization of Bu-NCAs. A series of polymerizations of Bu-NCA
in the presence of DBU were conducted in 50 °C THF with varying initial monomer to DBU
feed ratios ([M]0:[DBU]0=25:1 to 400:1) at three different initial monomer concentrations
([M]0=0.4, 0.8 and 1.6 M). Progression of the polymerization was monitored by 1H NMR
spectroscopic analysis of the reaction aliquots taken at different time. All reactions were
allowed to reach a complete conversion prior to termination by precipitation of the polymers
in hexane.
Scheme 1.

The isolated polymers were characterized by 1H NMR, MALDI-TOF MS spectroscopy
and size-exclusion chromatography coupled to multi-angle light scattering and differential
refractive index detectors (SEC-MALS-DRI). 1H NMR analysis revealed the desired PNBG
backbone structure and the presence of DBU moieties affixed to the polymer chains, as
evidenced by the presence of two methylene groups (f, g) of the DBU moieties at 2.84 and
2.05 ppm respectively (Figure S1). MALDI-TOF MS analysis of a low molecular weight
5

polymer revealed the dominant presence of molecular ions that are consistent with the
structures of cyclic PNBG polymers bearing one DBU moiety (a,b,c and h, Figure S2) and
the cyclic zwitterionic PNBG species bearing one DBU moiety and one carbamate end-group
(d and e, Figure S2) (Scheme 1). Minor sets of molecular ions that are consistent with the
linear PNBG polymers bearing one carboxylic acid end group and one secondary amino
end-group were also present (f and g, Figure S2). In addition, some of the cyclic PNBG
polymers were co-ionized with methanol (the solvent introduced during the MALDI-TOF
MS sample preparation) under the MALDI-TOF MS conditions (Figure S2). Similar
behaviors have previously been reported for the MS studies of the PNBG polymers obtained
from the NHC-mediated ZROP of Bu-NCAs.51
Table 1. DBU-mediated polymerization of Bu-NCA in THF with different initial
monomer to initiator ratios ([M]0:[DBU]0) a
Mn (theor.) c
(kg∙mol-1)
2.9

Time
(h) a
4

Mn (SEC) d
(kg∙mol-1)
3.5

PDI d

25:1

[M]0 b
(M)
0.4

2

50:1

0.4

5.8

8

5.9

1.10

3

75:1

0.4

8.6

12

8.4

1.02

4

100:1

0.4

11.4

16

9.7

1.05

5
6

150:1
200:1

0.4
0.4

17.1
22.7

24
32

14.1
18.4

1.08
1.08

7

400:1

0.4

45.4

64

32.4

1.04

8

25:1

0.8

2.9

2

3.8

1.12

9

50:1

0.8

5.7

4

5.7

1.10

10

100:1

0.8

11.4

8

9.5

1.06

11

200:1

0.8

22.7

16

16.6

1.02

12

400:1

0.8

45.4

32

19.3

1.11

13

50:1

1.6

5.7

1

4.6

1.07

14

100:1

1.6

11.4

2

8.5

1.04

15

200:1

1.6

22.7

4

15.2

1.02

16

400:1

1.6

45.4

8

26.5

1.03

Entry
number

[M]0:[DBU]0

1

1.08

a.

All reactions were conducted in 50°C THF for different duration (1-64 h) to reach complete
conversions; b .the initial monomer concentration; c. the theoretical polymer molecular weight
is calculated using the initial monomer to DBU ratio ([M]0:[I]0) assuming a single-site
initiation by DBU and complete conversions; d. experimental polymer molecular weights
were obtained by SEC-MALS-DRI method (DMF/0.1M LiBr, 25°C) with a measured
dn/dc=0.0797(9) mL∙g-1.
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SEC-MALS-DRI analysis revealed that PNBGs with predicable Mn values in the 3.532.0 kg∙mol-1 range can be readily synthesized by controlling the initial monomer to DBU
ratios (Table 1). The polymer molecular weight distribution remains relatively narrow (PDI=
1.02-1.12) (Figure 1A). The experimental Mn values determined by the SEC analysis agree
reasonably well with the theoretical values based on single site initiation by DBU when the
initial monomer to initiator ratio ([M]0:[DBU]0) is lower than 150:1. However, when the
[M]0:[DBU] ratio exceeds 150:1, the experimental Mn values become less than theoretical
values, suggesting side reactions in competition with chain propagation. If the DBU initiates
the polymerization by a nucleophilic ring-opening pathway, it is conceivable that
intra-molecular macrocyclization or intermolecular head-to-tail chain coupling may occur,
resulting in the formation of free DBUs. The liberated DBU can re-initiate the chain growth,
resulting in reduced polymer molecular weights. Alternatively, residual nucleophilic impurity
such as H2O can also initiate the polymerization, giving rise to reduced polymer Mns than
theoretical values, consistent with the MALDI-TOF MS results suggesting the presence of
PNBGs comprised of one carboxylic end-group and one secondary amino end-group in low
apparent content. Controlled experiments showed that while H2O can initiate the
polymerization

of

Bu-NCA

under

the

standard

polymerization

conditions

(i.e.,

[M]0:[H2O]0=50:1, THF, 50°C), the initiation is significantly slower than that by other
nucleophilic initiators (e.g., primary amine or DBU). This is supported by the much longer
reaction time to reach complete monomer consumption and the significantly higher polymer
molecular weight of the resulting PNBG when water is the initiator than when primary amine
or DBU are used as initiators. It was also noted that polymerization conducted at higher
initial monomer concentration ([M]0=0.8 or 1.6 M) and initial monomer to initiator ratio
([M]0:[DBU]0=400:1) (Entry 12 and 16, Table 1) yielded PNBG polymers whose Mn deviate
more significantly from the theoretical value than that from the lower initial monomer
concentration (Entry 7, Table 1). The origin for the deviation is presently unclear.
The polymer molecular weight was found to increase linearly with conversion during the
DBU-mediated polymerization of Bu-NCA in THF (Figure 1B). The polymer molecular
weight distribution also remains narrow PDI (PDI=1.02-1.12) throughout the polymerization.
However, the Mn versus conversion plot does not go through the (0,0) origin, suggesting that
7

the rate of initiation is either comparable to or slower than that of the propagation in the
polymerization. 1H NMR analyses the polymerization reaction mixtures upon reaching
quantitative conversion revealed the absence of any free DBU initiators, suggesting that all
DBUs ultimately became incorporated into the polymer chains through initiation.
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Figure 1. (A) Representative normalized SEC chromatograms of PNBG obtained at varying
initial monomer to initiator ratios (Entry 1-7, Table 1). (B) Plots of experimental Mn (■) and
PDI (●) versus conversion of DBU-mediated polymerization of Bu-NCA ([M]0:[I]0=100:1,
[M]0=0.4 M, 50oC, THF), the linear fit of the Mn versus conversion plot (—) (R2 = 0.98) and
theoretical trend line of a living polymerization (∙∙∙).
Solvent effect on the Mn and PDI control of the polymerization was investigated by
conducting DBU-mediated polymerizations of Bu-NCA with various initial monomer to
DBU ratios in a less polar solvent (toluene) and a more polar solvent (DMF) relative to THF.
In toluene, the DBU-mediated polymerization of Bu-NCA exhibited a similar level of control
over Mn and PDI as those conducted in THF (Table S1). By contrast, polymerization of
Bu-NCA in DMF under identical conditions produced only low molecular weight PNBGs in
the 0.5-4.3 kg∙mol-1 albeit with narrow molecular distribution (PDI=1.04-1.11) (Entry 5-9,
Table S1). Polymerization in DMF with increasing the monomer to DBU feed ratio failed to
produce PNBG polymers with higher molecular weight (Entry 7-9, Table S1). We attributed
this to the competitive intramolecular backbiting by transamidation relative to chain
propagation in DMF. The liberated DBU can re-initiate chain propagation, leading to high
monomer conversion but low polymer molecular weight. This is supported by MALDI-TOF
MS analysis of the resulting polymers, which consist of mainly cyclic PNBGs without DBU
8

attached and minor cyclic PNBGs having one DBU moiety attached.
Kinetic Study of DBU-Mediated Polymerization of Bu-NCA. We investigated the
polymerization kinetics by conducting the DBU-mediated polymerization of Bu-NCA in
toluene-d8 at 50°C with a constant initial monomer concentration ([M]0=0.15 M) and varying
initial monomer to initiator ratios ([M]0:[DBU]0=25:1-150:1, Figure 2A). The plot of
ln([M]0:[M]) versus time for all reactions can be linearly fitted quite well, indicating that the
polymerization is first-order dependent on the monomer concentration. The slope of the
linear fits afforded the observed polymerization rate constants (kobs) at different DBU loading.
The plot of kobs versus the initial DBU concentration (Figure 2B) can also be linearly fitted,
indicating that the polymerization is also first-order dependent on the initiator concentration
with a second-order propagating rate constant (kp) of 5.05 ± 0.09 M-1∙min-1. A close
inspection of the ln([M]0:[M]) versus time plots revealed a slightly concaved shape at the
initial stage of the reactions, suggesting the initiation rate is either comparable to or slower
than the rate of propagation. Thus, the kp obtained by the above kinetic analysis is somewhat
approximate. To determine the relative initiation and propagation rate, a kinetic model that
describes a living polymerization with slow initiation relative to propagation was further used
to analyze the conversion versus reaction time plot for a selected polymerization
([M]0:[DBU]0 = 150:1, 50°C, toluene-d8).52 The plot of the concentration of consumed
monomers ([M]p) within the initial 25% conversion versus time exhibits good linearity
(Figure 2C). The model fitting of the kinetic data yields an initiation rate constant (ki= 3.22±
1.29 M-1∙min-1) that is nearly identical to the propagation rate constant (kp= 2.38±0.03
M-1∙min-1). To further validate these rate constants, plot of conversion versus time up to 80 %
conversion was also fitted using the kinetic model (Figure 2D), which gives the propagation
rate constant of kp =2.36±0.07 M-1∙min-1 on par with the kp obtained by fitting the [M]p
versus time plot in the initial 25% conversion range (Figure 2B). As a result, the kinetic study
suggests that the DBU-mediated polymerization of Bu-NCA undergoes the initiation event
that is comparable in rate relative to propagation. The propagation rate is slightly faster than
that of the previously studied ZROP of Bu-NCA using NHC initiators (kp =1.53±0.10
M-1∙min-1).36 The difference in the propagation rate constant in the two systems can be
attributed to the difference of counter-ion effect in the zwitterionic propagating intermediates
9

(Scheme 1). DBU moieties on the cyclic zwitterionic propagating intermediate is less
sterically demanding than the NHC moieties, thereby allowing for slightly faster addition of
the monomer to the zwitterionic chain ends and a faster propagation rate in the former than
the latter.
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Figure 2. (A) Plots of ln([M]0:[M]) versus time for DBU-mediated polymerization of
Bu-NCA in toluene-d8 at 50 oC and the linear fitting of the data (—); (B) plot of observed
polymerization rate constants (kobs) versus the initial DBU concentration and the linear fitting
of the data (—); (C) plot of concentration of polymerized Bu-NCA ([M]p) versus reaction
time of DBU-mediated polymerization within the first 25% conversion ([M]0=0.15 M and
50°C in toluene-d8); (D) plot of conversion of DBU-mediated polymerization of Bu-NCA
versus reaction time of DBU-mediated polymerization of Bu-NCA up to 80% conversion.
The red lines in C and D are the fitting of the data using a kinetic model describing a living
polymerization with slow initiation relative to propagation.
Chain Extension Experiment. An important feature of controlled polymerization is the
10

living characteristic of the propagating intermediates, allowing for chain extension with
additional monomers. Two chain extension experiments were conducted using two PNBG
macroinitiators with different chain length (DPn=25 and 200) prepared by the DBU-mediated
polymerization of Bu-NCA. Additional Bu-NCA ([M]0:[PNBG]0=65:1 and 350:1) was
introduced into the PNDG25 and PNDG200 macroinitiators respectively. Both reactions (in
50°C THF) were allowed to reach a complete conversion. SEC analysis of the PNBG
polymers after the reaction revealed a single peak with low PDI (Table 2) at a shorter elution
time relative to the PNBG macroinitiator precursor (Figure S3), confirming the success of the
chain extension and the living characteristic of the PNBG precursors. While PNBG produced
by DBU-mediated polymerization of Bu-NCA can be further enchained, the control of the
resulting polymer chain length appears to be dependent on the polymer molecular weight
range. For example, chain extension produces PNBG polymers whose molecular weight
agrees reasonably well with the theoretical values based on efficient initiation by the PNBG
macroinitiators at the low PNBG molecular range (DPn < 100, Table 2, Entry 1). At the high
MW range (DPn > 100), the MW of the resulting polymer is substantially lower than the
theoretical value after the chain extension, suggesting the presence of competing side
reactions.
Table 2. Chain extension polymerization from DBU-terminated PNBG macroinitiatorsa
Entry
number

Experiment

[M]0:[I]0

Mn (theor.)
(kg∙mol-1)

Mn (SEC) b
(kg∙mol-1)

PDI b

1

Before Chain Ext.

25

3.0

3.0

1.10

After Chain Ext.

90

10.2

9.2

1.02

Before Chain Ext.

200

22.7

17.2

1.05

After Chain Ext.

550

62.3

37.4

2
a.

1.10
b.

All polymerization reactions were allowed to reach complete conversion; the measured
Mn and PDI were obtained by the SEC-MALS-DRI method (DMF/0.1 M LiBr, 25°C) with a
measured dn/dc=0.0797 (9) mL∙g-1.
Characterization of Polymer Architecture by AFM and SANS. DBU-mediated
polymerization of R-NCAs is expected to proceed through a cyclic zwitterionic propagating
intermediate in the solvent with low dielectric constants (THF or toluene) similarly to the
NHC-mediated polymerization. Therefore the resulting PNBG polymers are hypothesized to
11

have cyclic architectures. Experimental verification of the molecular architecture of the
polymers proves to be non-trivial. The commonly used method is by measuring the intrinsic
viscosity, hydrodynamic radius (Rh) or radius of gyration (Rg) of architecturally disparate
polymers under  conditions and comparing them to the linear counterpart having identical
polymer molecular weight.19, 27 Thus, the analysis conducted under non- conditions can only
allow for qualitative assessment of polymer architecture. This approach can become
misleading if the sample contains a mixture of different molecular architectures.
It was previously demonstrated that the atomic force microscopy (AFM) can be used to
reveal the backbone architecture (e.g., linear, cyclic, branched, etc.) of bottlebrush
polymers.53-59 High grafting density of the polymeric side chains rigidifies the backbone
conformations of bottlebrush polymers, making it possible to unambiguously identify the
backbone architecture by AFM analysis. As a result, we synthesized a polymer bottlebrush
consisting of polypeptoid backbone and poly(ethylene glycol) (PEG550) side chains by
adapting a previously reported procedure.54 Specifically, a random copolymer consisting of
poly(N-butyl glycine) and poly (N-propargyl glycine) [DBU-P(NBG41-r-NPgG177)] was first
synthesized by the DBU-mediated copolymerization of Bu-NCA and Pg-NCA in THF
(Scheme 2) and was subsequently conjugated with azido-terminated PEG550 (Mn=550
kg∙mol-1) via copper-mediated alkyne-azido cycloaddition (CuAAC) reaction (Scheme 2).
The choice of random copolypeptoid backbone is based on our previous observation that the
PNBG-r-PNPgG copolypeptoids afforded higher PEG grafting efficiency using CuAAC
chemistry than the poly(N-propargyl glycine) homopolymers (PNPgG), as the latter has
strong tendency to aggregate in solution.54
Scheme 2.

1

H

NMR

spectrum

of

the

cyclic

bottlebrush

polymers

[DBU-P(NBG41-r-NPgG177)-g-(PEG550)177] revealed the appearance of triazole proton at 8.0
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ppm and methylene protons of PEG at around 3.6 ppm (Figure S5). SEC analysis revealed
that the bottlebrush polymer has a shorter elution time than the DBU-P(NBG41-r-NPgG177)
precursor (Figure S6). These combined results confirmed the successful synthesis of the
bottlebrush polymers.
Samples of the bottlebrush polymers exhibited toroid structures with a relatively uniform
distribution across the flat mica substrate (Figure 3). The diameter and width of the rings
measured 61 ± 11 nm and 23 ± 9 nm, respectively (Figure S7A, S7B). The dimensions
measured with AFM are larger than the theoretically estimated diameter (d = 35 nm) and
width (l = 9 nm) assuming a fully extended backbone and side chain structures. The
discrepancy can be attributed to the effect of AFM tip-sample convolution.60 For comparison,
we

also

synthesized

the

linear

analog

of

the

bottlebrush

polymer

[P(NBG33-r-NPgG184)-g-(PEG550)184] consisting of a linear P(NBG33-r-NPgG184) backbone
and PEG550 side chains by a reported procedure that involves the controlled polymerization
of Bu-NCA and Pg-NCA using a primary amine initiator (BnNH2) and CuAAC chemistry.5
Samples of the linear architectural analog were observed exclusively as rod-like structures
with an average length and width of 208 ± 100 nm and 41 ± 12 nm, respectively (Figure S7C).
The theoretically estimated length and width of the linear bottlebrush polymer should be 82
nm and 9 nm, assuming a fully stretched polymer backbone and sidechains. This suggests
that the rod structures are likely the aggregates of the linear bottlebrush polymers.
(B)

(A)

1 µm

0.5 µm

Figure 3. Toroid-shape bottlebrush polymer of DBU-P(NBG41-r-NPgG177)-g-(PEG550)177
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viewed in representative AFM amplitude images. (A) 4 × 4 µm2, (B) 2.5 × 2.5 µm2.
To further verify the cyclic architecture of the bottlebrush polymers having the
DBU-P(NBG41-r-NPgG177) backbone, small angle neutron scattering (SANS) was also
conducted on dilute solutions of the cyclic and linear bottlebrush polymer ensembles
respectively. The concentration of the solutions was kept in dilute regime (1 wt%) to ensure
the scattering data reflects the intramolecular conformation without interference from
intermolecular interaction. To obtain the Kratky plots, the incoherent background, determined
by fitting the high Q region of the scattering profile using a power function plus a constant, is
subtracted from the original I(Q) before multiplying the square of momentum transfer (Q).
The toroid-shape structure can be identified by the pronounced peak at Q=0.06 Å-1 in the
Kratky plot (red circle, Figure 4), which is attributed to the strong intramolecular correlation
of the cyclic backbone structure.61 By contrast, the peak of the linear bottlebrush analogue in
Kratky plot (black circle, Figure 4) was much less pronounced. Considering that the
theoretically estimated length of the PEG sidechains is 6 nm, the small bump in the Kratky
plot of the linear analogue may be attributed to the weak intramolecular correlation of the
PEG side chains. The SANS results are consistent with the cyclic architecture of polypeptoid
backbone synthesized by the DBU-mediated ZROP of R-NCAs. Detailed SANS analyses of
the cyclic and linear bottlebrush copolymer structures are currently in progress.
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Figure 4. Kratky plots of cyclic bottlebrush DBU-P(NBG41-r-NPgG177)-g-(PEG550)177 (red
circle: ○) and the linear analogue P(NBG30-r-NPgG180)-g-(PEG550)180 (black circle: ○).
Investigation of the Initiation Event. To gain insights into the initiation step of the
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DBU-mediated polymerization of R-NCAs, DBU and Bu-NCA in a 1:1 stoichiometric ratio
was allowed to react in THF at 50°C for 2 h. 1H NMR analysis revealed the complete
disappearance of the reactants. The product was isolated as a brownish solid by precipitation
in hexane.
The resulting product was analyzed by ESI-MS spectroscopy in positive ionization mode.
Two molecular species whose mass are consistent with cyclic trimeric or tetrameric N-butyl
glycine N-carboxyanhydride species are observed in ESI-MS spectrum (Figure S8). This
agrees with kinetic analysis, which reveals an initiation step that is comparable in rate to
propagation. This makes isolation of initiating species challenging. Apart from these two
species, a third molecular ion consistent with the protonated DBU is also present in the
ESI-MS spectrum. The species observed in ESI-MS analysis differ from what was observed
in the MALDI-TOF MS analysis of a low molecular PNBG (DPn=25) obtained from
DBU-mediated polymerization of Bu-NCA where the major molecular ions are due to the
cyclic PNBGs bearing one DBU moiety. The discrepancy may arise from the difference in
MS conditions: electrospray ionization can cause elimination of the initiating moieties (i.e,
DBU in this study) from the cyclic zwitterionic polymeric species as previously demonstrated
in the detailed MS studies of cyclic PNBG polymers obtained from NHC-mediated ZROP of
Bu-NCAs.51
FT-IR spectroscopic analysis of the species obtained from the 1:1 molar ratio reaction of
DBU and Bu-NCA further confirms the formation of zwitterionic species in the initiation
event (Figure S9). The peak at 1572 cm-1 is due to the carbonyl stretch of the carbamate
group at the chain end,36, 62, 63 which is consistent with the molecular ions observed by the
ESI-MS analysis of the reaction mixture. The peak at 1684 cm-1 is due to the amide carbonyl
group of the PNBG backbone. The amide peak that is immediate adjacent to the cationic
DBU moiety is blue-shifted to at 1755 cm-1 presumably due to the inductive effect of the
cationic DBU moiety. The peak at 1646 cm-1 and 1613 cm-1 are due to C=N stretching mode
of the positively charged DBU-moiety and the unreacted DBU, respectively.64,

65

As a

comparison, the FTIR spectrum of the species obtained from the reaction of benzyl amine
(BnNH2) and Bu-NCA in a 1:1 molar ratio exhibits only one carbonyl peak (1680 cm-1)
which is due to the amide carbonyl of the linear PBNG backbone, clearly indicating a
15

different initiation and propagation mechanism from that of the DBU-mediated
polymerization of Bu-NCA.
Scheme 3.

It is proposed that DBU initiates the polymerization by nucleophilic ring-opening
addition of Bu-NCA at the 5-carbonyl position to form the zwitterionic initiating species 1
(Scheme 3). The chain propagation ensues by Bu-NCA monomer addition at the carboxylate
end of 1 to form the intermediate species 2. The carboxylic-carbamic anhydride linkages in 2
is thermally labile and readily undergoes intramolecular decarboxylation to yield 3, which
has been observed spectroscopically in the early studies of small model compounds.66, 67
Species 3 can undergo decarboxylation to form 4, which is observed in the MALDI-TOF MS
analysis. We propose that the decarboxylation is reversible, allowing 4 to regain CO2 to form
3, from which monomer addition and chain propagation ensue. This is consistent with the
living polymerization characteristics of the DBU-mediated polymerization of Bu-NCA. The
formation of species 5 and 6 presumably from macrocyclizaion of 3 and 4 is supported by the
MALDI-TOF MS and ESI MS analysis, respectively. Their formation is not kinetically
competitive relative to monomer addition, thus giving rise to the living polymerization
behavior. Furthermore, the methylene proton on the cationic DBU end-group that is adjacent
16

to the positively charged carbon is sufficiently acidic to be deprotonated by anionic alkoxide,
as shown in a previous study of DBU-mediated zwitterionic polymerization of lactide,
resulting in the formation of linear polylactide impurities.48,

50

In this study, we do not

observe the deprotonation of the methylene protons in the DBU end-group based the 1H
NMR analysis of the 1:1 reaction of Bu-NCA and DBU. This is presumably due to the
reduced basicity of the anionic carbamate chain end relative to the alkoxide species.
CONCLUSIONS
DBU-mediated ZROPs of Bu-NCAs exhibit characteristics of a controlled polymerization,
producing poly (N-butyl glycine) with controlled polymer molecular weight (3-32 kg∙mol-1)
and narrow molecular weight distribution (PDI < 1.2). The growing chain ends can be
successfully extended with additional monomers, making it useful for the block
copolypeptoid synthesis. Kinetic studies revealed that the initiation rate is comparable to the
propagation rate in the DBU-mediated ZROP of Bu-NCA, which is slightly faster than
previously reported NHC-mediated ZROP. This is presumably due to the steric difference of
the DBU versus the NHC moieties in the respective cyclic zwitterionic propagating
intermediate. AFM and SANS studies confirm the cyclic architectures of the polypeptoids
synthesized by the DBU-mediated ZROPs of R-NCAs. The enhanced robustness and
availability of DBU relative to NHCs and the excellent control over the polymerization of
R-NCA makes the reported method an attractive route towards well-defined cyclic
polypeptoids with tunable ring sizes.
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